Abstract: Nitric acid (HNO 3 ) is an important building block in the chemical industry. Industrial production takes place via the Ostwald process, where oxidation of NO to NO 2 is one of the three chemical steps. The reaction is carried out as a homogeneous gas phase reaction. Introducing a catalyst for this reaction can lead to significant process intensification. A series of LaCo 1−x Mn x O 3 (x = 0, 0.25, 0.5 and 1) and LaCo 1−y Ni y O 3 (y = 0, 0.25, 0.50, 0.75 and 1) were synthesized by a sol-gel method and characterized using N 2 adsorption, ex situ XRD, in situ XRD, SEM and TPR. All samples had low surface areas; between 8 and 12 m 2 /g. The formation of perovskites was confirmed by XRD. The crystallite size decreased linearly with the degree of substitution of Mn/Ni for partially doped samples. NO oxidation activity was tested using a feed (10% NO and 6% O 2 ) that partly simulated nitric acid plant conditions. Amongst the undoped perovskites, LaCoO 3 had the highest activity; with a conversion level of 24.9% at 350 • C; followed by LaNiO 3 and LaMnO 3 . Substitution of LaCoO 3 with 25% mol % Ni or Mn was found to be the optimum degree of substitution leading to an enhanced NO oxidation activity. The results showed that perovskites are promising catalysts for NO oxidation at industrial conditions.
Introduction
Oxidation of nitric oxide (Equation (1)) is one of the few known third order reactions. The reaction is unusual, as the rate of reaction increases with a decrease in the temperature [1] 2NO + O 2 NO 2 ∆ r H 298 = −113.8 kJ/mol (1) NO oxidation is a key reaction in lean NO x abatement technologies and in the Ostwald process for nitric acid production. In Ostwald's process, NO oxidation is carried out as a non-catalytic process and the forward reaction is favored by the removal of heat and by providing sufficient residence time. Typical gas stream concentrations are 10% NO, 6% O 2 and 15% H 2 O [2] . Using a catalyst for NO oxidation may lead to significant process intensification of the nitric acid plant. In addition to speeding up the oxidation process, it may reduce capital costs and increase heat recovery. Efforts have been made to find a catalyst effective under industrial conditions; but success so far has not been 8 13 The XRD patterns shown in Figure 1 reveal the formation of phase-pure perovskite structure for all samples, and no peaks characteristic of the metallic oxides or carbonates were seen. The main characteristic peak at 2θ = 33 • for LaCoO 3 slightly shifts towards lower 2θ values with an increase in x and y, indicating an increase in the lattice parameters confirming previous findings [13, 19, 20] . This expansion can be explained by comparing the ionic radii of the species in the perovskite structure. The higher ionic radii of Ni 3+ (0.56 Å) than Co 3+ (0.52 Å) responsible for lattice expansion in LaCo 1−y Ni y O 3 [20] . In case of LaCo 1−x Mn x O 3 , the average trivalent metal site is conserved by adjusting the ratio between Mn 4+ /Mn 3+ and Co 3+ /Co 2+ [21] . Therefore, the relative amount of Mn 4+ (0.52 Å) present, Mn 3+ (0.645 Å), Co 2+ (0.82 Å), Co 3+ (0.52 Å) dictates the overall lattice parameters.
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NO Oxidation Activity
The oxidation of NO occurs as a homogeneous gas-phase reaction with a second order dependency in NO concentration. For this reason, contributions from gas phase conversion have been detected for studies performed at lean NO concentrations [28] [29] [30] . This necessitates the quantification of the gas phase contribution to NO oxidation in the current study, which involves such a high concentration of NO (10%). The blank run performed without catalyst is given in our previous publication [5] . The gas phase conversion gradually decreases with increasing temperature in the studied temperature range (150-450 °C); with a conversion of 6.1% at 350 °C.
The conversion of NO over LaCo1 -xMnxO3 as a function of temperature is shown in Figure 6 . The NO conversion and rate of reaction are summarized in Table 2 . At low temperature, only gas phase conversion is observed for all perovskites. The catalytic activity for LaCoO3 starts at about 270 °C and increases gradually until it becomes limited by the thermodynamic equilibrium. This is in contrast to studies performed at lean NOx conditions, where the catalytic activity starts at significantly lower temperatures (150-200 °C); increases with a steeper slope, and becomes thermodynamically limited at ca 300 °C [14, 15] . The catalytic conversion starts at a lower temperature (240 °C) for x = 0.25 in comparison to other perovskites and a significant increase in conversion was 
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The conversion of NO over LaCo 1−x Mn x O 3 as a function of temperature is shown in Figure 6 . The NO conversion and rate of reaction are summarized in Table 2 . At low temperature, only gas phase conversion is observed for all perovskites. The catalytic activity for LaCoO 3 starts at about 270 • C and Catalysts 2019, 9, 429 6 of 11 increases gradually until it becomes limited by the thermodynamic equilibrium. This is in contrast to studies performed at lean NO x conditions, where the catalytic activity starts at significantly lower temperatures (150-200 • C); increases with a steeper slope, and becomes thermodynamically limited at ca 300 • C [14, 15] . The catalytic conversion starts at a lower temperature (240 • C) for x = 0.25 in comparison to other perovskites and a significant increase in conversion was observed. A further increase in x to 0.5 leads to a substantial decrease in NO conversion to conversion levels even lower than what is observed for LaMnO 3 Figure 7 shows the conversion of NO over LaCo1 -yNiyO3 as a function of temperature. Minor difference in gas phase conversion is observed at lower temperatures due to the differences in the packing of the catalyst bed. The substitution with 25 mol% Ni in LaCoO3 had a significant positive impact on the activity exhibiting a conversion of 30% at 350 °C. With a further increase in y, the activity gradually decreased until 75% nickel content. Similar conversion curves are exhibited by y = 0,5 and y = 1 perovskites. Although our results differ from Zhong et al. [13] , who reported 70 mol% nickel substitution in LaCoO3 to yield the best results for NO oxidation, it can be argued that they used a co-precipitation method for preparation of perovskites and the activity was tested at gradually decreased until 75% nickel content. Similar conversion curves are exhibited by y = 0.5 and y = 1 perovskites. Although our results differ from Zhong et al. [13] , who reported 70 mol% nickel substitution in LaCoO 3 to yield the best results for NO oxidation, it can be argued that they used a co-precipitation method for preparation of perovskites and the activity was tested at substantially different feed concentration (400 ppm NO and 6% O 2 ) compared to the present study. The increase in activity for LaCo 0.75 Ni 0.25 O 3 can in part be attributed to the 25% increase in surface area. However, for LaCo 0.25 Ni 0.75 O 3 the surface area increased with 50% compared to LaCoO 3 and 33% compared to LaNiO 3 , while the catalytic activity decreased. Thus, it seems likely that the change in catalytic activity is more related to the chemical oxygen dynamics and to the redox properties than to changes in the surface area in this range. Ivanova et al. [32] reported a maximum in defect structures for x = 0.25 in a series of LaCo 1−x Ni x O 3 , detected by EPR due to the presence of magnetic Ni clusters. However, this depends on the method of preparation and pre-treatment procedure. The highest activity of LaCo 0.75 Ni 0.25 O 3 may thus be related to lattice defects not detectable by bulk XRD. The NO oxidation activity follows the order LaCoO 3 > LaNiO 3 > LaMnO 3 for the undoped perovskites.
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Materials and Methods

Catalyst Preparation
All catalysts were prepared using the citrate method [14] . Nitrate salts were used as starting materials: La(NO 3 ) 3 ·6H 2 O (Alfa Aesar, 99.9%, Kandel, Germany), Mn(NO 3 ) 2 ·4H 2 O (Alfa Aesar, 99.98%, Kandel, Germany), Co(NO 3 ) 3 ·6H 2 O (Acros Organics, 99%, Geel, Belgium) and Ni(NO 3 ) 2 ·6H 2 O (Acros Organics, 99%, Geel, Belgium). An appropriate amount of nitrate salts of the desired A and B sites were dissolved in deionized water with 10 wt.% excess citric acid (Sigma Aldrich, 99.5%, Munich, Germany). The solution was stirred for 1 h at room temperature and further stirred in an oil bath at 80 • C until a viscous gel was obtained. The gel was dried in static air overnight at 90 • C and then heated to 150 • C for 1 h. The black, spongy material was crushed and calcined at 700 • C for 5 h in static air. The specific surface areas were calculated using the BET desorption branch of the isotherm [33] .
Catalyst Characterisation
Ex situ XRD patterns of as prepared samples were obtained with a Bruker D8 Advanced X-ray Diffractometer (Cambridge, United Kingdom) with a copper anode with an X-ray wavelength of 1.5418 Å. The measured angles (2θ) were scanned from 10 • to 75 • in 30 min; at a fixed divergence angle of 0.2 • . The PDF database was used for phase identification. The average crystallite sizes were calculated according to the Scherrer equation [34] assuming spherical crystals (K = 0.9) using the diffraction peak between 2θ = 45-50 • .
In situ powder XRD experiments were carried out at BM31 of the Swiss-Norwegian beam lines (SNBL) at the European Synchrotron Radiation Facility (ESRF). Catalyst sample (30mg, sieve fraction 53-90 µm) was fixed between two quartz wool plugs in a quartz capillary of 1 mm internal diameter (bed length: 10 mm). The capillary was then mounted in a custom cell [35] and exposed to X-rays for diffraction measurements. The temperature of the capillary reactor was controlled by a calibrated hot air blower. Powder X-ray diffraction patterns were collected with a 2D plate detector (Mar-345) using monochromatic radiation of wavelength 0.49324Å. Note that is different from the Cu Kα wavelength, which is used for acquiring ex situ XRD patterns. The instrumental peak broadening, wavelength calibration, and detector distance corrections were performed using a NIST 660a LaB 6 standard. Mass flow controllers were used to feed NO, O 2 and He in to produce the desired gas-feed composition (15 Ncm 3 /min; 1% NO, 6% O 2 , He balance). XRD patterns were recorded in situ during the pretreatment step (flowing 15 Ncm 3 /min of 6% O 2 /He by heating at 10 • C/min from ambient to 500 • C and holding for 1 hr) and steady state NO oxidation (1%NO, 6% O 2 and balance He) at 350 • C for 2 h. A lower concentration of NO (1%) was used for the in situ studies due to experimental constraints at the beamline.
The morphological analysis of as-synthesized perovskites was performed by using an in-lens cold field emission electron microscope FE-S(T)EM, (Hitachi S-5500) in scanning electron microscopy (SEM) mode.
Temperature programmed reduction by H 2 was performed with an Altamira BenchCAT Hybrid 1000 HP (Pittsburgh, PA, USA). The samples (100 mg) were pretreated in 50 Ncm 3 /min flow of Ar at 150 • C for 30 min, with a heating rate of 10 • C. TPR was conducted by heating at a rate of 5 • C/min from 50 to 850 • C with a 50 Ncm 3 /min flow of 10% H 2 /Ar.
Catalyst Activity Testing
Details of the reactor and experimental setup can be found in our previous publication [5] . Briefly, the activity of the catalysts was measured in a vertical stainless steel tubular reactor (internal diameter = 9.7 mm) operated at atmospheric pressure. The temperature was measured and controlled by a thermocouple, protected by a stainless steel jacket, inserted into the catalyst bed. A MKS MultiGas 2030-HS FTIR Gas Analyzer (path length 5.11 m, Cheshire, United Kingdom), calibrated at 1 bar and 191
• C was used to analyze the composition of NO and NO 2 in the product stream.
For activity measurements, 0.5 g of catalyst diluted with 2.75 g SiC was loaded into the reactor and held in place by quartz wool plugs. Prior to the activity tests, the catalysts were pretreated at 500 Volume changes arising from the reaction is taken into account by the constant "α" [36] where α = 0.99. The closure of nitrogen balance across the reactor (99.5-100%) confirmed that all nitrogen is present as NO and NO 2. Comparison of catalyst activity is performed at 350 • C where the reaction is in the kinetic regime, away from equilibrium. The reaction rate (r NO ) calculations were performed by subtracting the homogeneous gas phase conversion of NO; hence, reflecting only the activity provided by the catalyst.
Conclusions
A series of lanthanum-based perovskites have been investigated for oxidation of NO using a feed containing 10% NO and 6% O 2 , thus partially simulating nitric acid plant conditions. Among the undoped perovskites, the NO oxidation activity follows the order LaCoO 3 > LaNiO 3 > LaMnO 3 . A significant increase in NO oxidation activity was achieved by partial substitution of cobalt in LaCoO 3 with 25 mol% of either nickel or manganese. Further increase in the degree of Co substitution had a negative impact on activity.
From this work, perovskites are shown to be promising catalysts for oxidizing NO to NO 2 at conditions representative of nitric acid plant operation. Low cost, ease of production and significant catalytic activity make perovskites attractive candidates as alternatives to noble metal catalysts. 
